Zilobal Change Biology

Global Change Biology (2016) 22, 3427-3443, doi: 10.1111/gcb.13305

Regional atmospheric CO, inversion reveals seasonal and
geographic differences in Amazon net biome exchange

CAROLINE B. ALDEN'"?, JOHN B. MILLER®*'*, LUCIANA V. GATTI>, MANUEL M. GLOOR®,
KAIYU GUAN', ANNA M. MICHALAK?, INGRID T. van pER LAAN-LUIJKX®, DANIELLE
TOUMA', ARLYN ANDREWS?, LUANA S. BASSO®, CAIO S. C. CORREIA®, LUCAS G.
DOMINGUES®?, JOANNA JOINER?, MAARTEN C. KROL® 1911 "ALEXEII. LYAPUSTIN”’,
WOUTER PETERS®*'?, YOICHI P. SHIGA”''?, KIRK THONING?®, IVAR R. van pEr VELDE'?,
THIJS T. van LEEUWEN'%'! VINEET YADAV'!?* and NOAH S. DIFFENBAUGH'"2

'Department of Earth System Science, Stanford University, Stanford, CA 94305, USA, >Woods Institute for the Environment,
Stanford University, Stanford, CA 94305, USA, 3Global Monitoring Division, Earth System Research Laboratory, National
Oceanic and Atmospheric Administration, 325 Broadway, Boulder, CO 80305, USA, 4Coopemtive Institute for Research in
Environmental Sciences (CIRES), University of Colorado, Boulder, CO 80309, USA, STnstituto de Pesquisas Energéticas e
Nucleares (IPEN)-Comissao Nacional de Energia Nuclear (CNEN)-Atmospheric Chemistry Laboratory, 2242 Avenida Professor
Lineu Prestes, Cidade Universitaria, Sao Paulo CEP 05508-000, Brazil, ®School of Geography, University of Leeds, Woodhouse
Lane, Leeds 1S9 2JT, UK, " Department of Global Ecology, Carnegie Institution for Science, Stanford, CA 94305, USA,
8Department of Meteorology and Air Quality, Wageningen University, PO Box 47, 6700AA Wageningen, The Netherlands,
9National Aeronautics and Space Administration, Goddard Space Flight Center, Greenbelt, MD 20771, USA, OTnstitute for
Marine and Atmospheric Research Utrecht, Utrecht University, Princetonplein 5, 3584 CC Utrecht, The Netherlands, SRON
Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands, "*University of Groningen, Centre
for Isotope Research, Nijenborgh 4, 9747 AG Groningen, The Netherlands, **Department of Civil and Environmental Engineering,
Stanford University, Stanford, CA 94305, USA, "*Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
91109, USA

Abstract

Understanding tropical rainforest carbon exchange and its response to heat and drought is critical for quantifying the
effects of climate change on tropical ecosystems, including global climate—carbon feedbacks. Of particular importance
for the global carbon budget is net biome exchange of CO, with the atmosphere (NBE), which represents nonfire car-
bon fluxes into and out of biomass and soils. Subannual and sub-Basin Amazon NBE estimates have relied heavily on
process-based biosphere models, despite lack of model agreement with plot-scale observations. We present a new
analysis of airborne measurements that reveals monthly, regional-scale (~1-8 x 10° km?®) NBE variations. We
develop a regional atmospheric CO, inversion that provides the first analysis of geographic and temporal variability
in Amazon biosphere-atmosphere carbon exchange and that is minimally influenced by biosphere model-based first
guesses of seasonal and annual mean fluxes. We find little evidence for a clear seasonal cycle in Amazon NBE but do
find NBE sensitivity to aberrations from long-term mean climate. In particular, we observe increased NBE (more car-
bon emitted to the atmosphere) associated with heat and drought in 2010, and correlations between wet season NBE
and precipitation (negative correlation) and temperature (positive correlation). In the eastern Amazon, pulses of
increased NBE persisted through 2011, suggesting legacy effects of 2010 heat and drought. We also identify regional
differences in postdrought NBE that appear related to long-term water availability. We examine satellite proxies and
find evidence for higher gross primary productivity (GPP) during a pulse of increased carbon uptake in 2011, and
lower GPP during a period of increased NBE in the 2010 dry season drought, but links between GPP and NBE
changes are not conclusive. These results provide novel evidence of NBE sensitivity to short-term temperature and
moisture extremes in the Amazon, where monthly and sub-Basin estimates have not been previously available.
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Introduction

The Amazon has been identified as a highly climate-
Correspondence: Caroline Alden, tel. +1719 930 5281 sensitive ecosystem, where forest dieback could cause
fax +1 303 492 3498, e-mail: aldenc@colorado.edu local biodiversity loss and massive release of carbon to
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the atmosphere, along with changes in regional and
global atmospheric conditions (Cox et al., 2000; Silva
Dias et al., 2002; Betts et al., 2008; Sitch et al., 2008).
Understanding Amazon net biome exchange of CO,
with the atmosphere, and the response of CO, fluxes to
climate variability and change, is therefore critical for
predicting land carbon stability and global climate
feedbacks (Cox et al., 2000; Sitch et al., 2008). Anthro-
pogenic climate change is expected to alter extreme
heat (Diffenbaugh & Scherer, 2011) and dry period
length and severity (Li et al., 2006; Marengo et al., 2011;
Lintner ef al., 2012) in the Amazon. Sustained warm
events have already been observed, especially in con-
junction with severe droughts (Diffenbaugh & Scherer,
2011; Toomey et al., 2011; Jiménez-Munoz et al., 2013).
However, uncertainty about the effects of increasing cli-
mate extremes on the long-term state of forest ecosys-
tems, and on CO, sink strength in particular, remains
high (Phillips et al., 2009; Toomey et al., 2011; Frank
et al., 2015).

Previous efforts to quantify nonfire net biome
exchange (NBE) of CO, between the atmosphere and
tropical rainforests have been limited in several ways.
Plot and eddy flux studies are restricted in spatial
extent and are therefore insufficient to characterize for-
est carbon exchange over regional or Basin-wide scales
(~1 x 10° km? to ~ 8 x 10° km?) (Aradjo et al., 2002).
Past atmospheric inversion modeling efforts have made
estimating tropical CO, exchange at large scales possi-
ble, but different inverse models have not agreed on
the sign or strength of the tropical South American car-
bon balance, primarily due to a lack of observations in
and sensitive to the Amazon (Gurney et al., 2002; Peylin
et al., 2013). More recent studies, using new atmo-
spheric CO, observations in the Amazon, calculated
NBE fluxes at the Basin scale (Gatti et al., 2014; van der
Laan-Luijkx et al., 2015) leaving temporal and spatial
detail largely unresolved. Finally, past atmospheric
transport inversions for net CO, fluxes in the Amazon
have been dependent on flux estimates from process-
based models, despite the failure of those models to
properly simulate either the observed seasonality of
fluxes (Saleska et al., 2003; Baker et al., 2009) or the
observed impacts of drought (Powell et al., 2013; Joetz-
jer et al., 2014). The lack of independent temporally and
spatially resolved constraints on Amazon fluxes has
meant that little has been known about net carbon
exchange with the atmosphere at monthly timescales
and regional spatial scales.

The period 2010-2012 spans a particularly interesting
suite of years for studying net exchange of carbon
between the Amazon biosphere and the atmosphere,
because of the unusual climate conditions that occurred
during that period. In 2010, a major drought and

unusually high temperatures affected much of the
Basin (Lewis ef al., 2011; Jiménez-Munoz et al., 2013),
whereas drought indices in 2011 and 2012 were closer
to the long-term climatic mean. We calculate NBE in
the Amazon for this 3-year period, in a regional Baye-
sian atmospheric transport inversion, in order to inves-
tigate several major questions, including: (1) What is
the spatial and temporal variability of Amazon NBE?
(2) At regional scales, does Amazon NBE follow a con-
sistent seasonal pattern from year to year, as process-
based biosphere models predict? (3) Do drought and
heat extremes affect net exchange of CO, between the
land and atmosphere in the Amazon? (4) If heat and
drought impacts on NBE are observable, are these
effects consistent across the Amazon Basin, or are there
regional differences in response? (5) Can independent
satellite proxies for gross primary productivity (GPP)
offer evidence that observed changes in the Amazon
carbon sink are driven by changes in photosynthesis vs.
other terrestrial surface fluxes?

Materials and methods

We present a regional Bayesian inversion that calculates
3-hourly and 1°x1° net fluxes of CO,, with a posteriori covari-
ance, in the Amazon Basin. Based on the inversion results and
the degrees of freedom offered by the atmospheric observa-
tions, we interpret fluxes at the monthly scale for 5 regions of
the Amazon. Our flux calculation method is largely indepen-
dent of prior ‘bottom-up” model estimates of sink strength,
spatial pattern of fluxes, and seasonality of fluxes. We quantify
nonfire net biome exchange of CO, (‘NBE’) at high temporal
and geographic resolution using in situ CO, vertical profiles
collected by aircraft from 2010 to 2012. Fire emission estimates
are from an atmospheric CO inversion (van der Laan-Luijkx
et al., 2015). Unique aspects of this inversion are (1) relative
independence from biosphere model NBE estimates and (2)
observationally constrained calculation and optimization of
the background CO, concentration over the tropical Atlantic.
To minimize uncertainties arising from atmospheric transport,
we focus on relative and month-on-month changes in NBE
and use two different transport models (see Supporting Infor-
mation).

Atmospheric observations

Atmospheric carbon dioxide (CO,) is sampled by aircraft
along a vertical profile over four sites in the Amazon Basin at
2-week intervals in 2010-2012. The four sites are as follows:
Alta Floresta (ALF), Rio Branco (RBA), Santarém (SAN), and
Tabatinga (TAB) (Fig. 1). Most samples are taken between
11:00 and 14:00 local time (Fig. S1), by which time the previous
day’s nocturnal stable layer has mixed into the daytime plane-
tary boundary layer. Samples are taken by semiautomatic fill-
ing of programmable flask packages; 17 0.7-1 flasks are filled
for each vertical profile at SAN, and 12 0.7-liter flasks are filled
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for each vertical profile at ALF, TAB, and RBA. From 1200 m
altitude and higher, samples are taken roughly every 300 m,
and below 1200 m altitude, samples are taken roughly every
150 m. CO, is measured by nondispersive infrared analysis at
the Instituto de Pesquisa Energéticas Nucleares (IPEN) Atmo-
spheric Chemistry Laboratory in Sao Paulo. A full description
of sample recovery, analysis, repeatability, and reproducibility
can be found in Gatti et al. (2014).

Bayesian atmospheric inversion model

Atmospheric CO, inversions use spatial and temporal gradi-
ents in atmospheric CO, concentrations to estimate net sur-
face-to-atmosphere fluxes of CO,. An atmospheric transport
model links atmospheric observations to surface fluxes, and
prior knowledge of fluxes and uncertainties constrain the
result. Flux estimation is performed by Bayesian inversion,
with assumptions of Gaussian error distribution (Tarantola,
1987; Rodgers, 2000). An optimal estimate of fluxes can be
found by minimizing the cost function, Ly, which is the sum of
modeled and observed CO, differences weighted by the
model-data mismatch term, R, and prior and optimized flux
differences weighted by the flux uncertainty term, Q:

Ly=(z—Hs)'RY(z—Hs)+ (s —s5,) Q' (s —s,) (1)

z is an n x 1 vector of atmospheric observations, and R is an
n x n diagonal matrix (covariance is not considered) repre-
senting model-data mismatch, or expected uncertainty in how
well modeled CO, concentrations match true CO, concentra-
tions (Tarantola, 1987; Engelen et al., 2002). H, which is
derived from transport models, is an n x m matrix of surface
influence functions, or the sensitivity of each measurement to

ASC »
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Fig. 1 Measurement sites and surface sensitivity to 2011 obser-
vations. Black dots indicate aircraft measurement sites, Rio
Branco (RBA), Alta Floresta (ALF), Tabatinga (TAB), and San-
tarem (SAN), as well as two background sites, Ragged Point,
Barbados (RPB) and Ascension Island (ASC), that are part of the
NOAA/ESRL network. The dotted line at —30° longitude is the
regional inversion boundary domain, where background CO; is
estimated. Orange shading shows the total surface sensitivity to
all measurements made at Amazonian sites in the year 2011,
plotted on a log scale.
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surface fluxes. s, is an m x 1 vector of the prior estimate of
surface-to-atmosphere fluxes of CO,, Q is an m x m matrix of
prior flux uncertainties, and s is an m x 1 vector of true
surface-to-atmosphere CO, fluxes (Tarantola, 1987).

Dimension 7 is the total number of observations (1 = 976 in
2010, n = 917 in 2011, and n = 926 in 2012), and m is the total
number of surface flux values being estimated (spatial
resolution of 1487 land grid cells by temporal resolution of
2920 3-hourly time steps in a nonleap year), plus n estimates
of background CO,. One background CO, estimate for each
observation is appended to the state vector for optimization in
the inversion. In this framework, m = 1487 grid cells x 2920
time steps + n background CO, values.

Minimizing the objective function in Eqn. 1 results in a
solution for §, an m x 1 vector of posterior fluxes (Tarantola,
1987):

§=s,+QH'(HQH' +R) '(z — Hs,) 2)

We assess the posterior flux uncertainty, Vi, which can be
calculated as the inverse of the Hessian of Ls. The posterior
flux covariance matrix, Vg, is a useful metric for assessing
uncertainty and covariance of the flux results.

Vi =Q - QH'(HQH" + R) 'HQ (3)

Inversions and posterior uncertainty calculations are per-
formed using the computational efficiency techniques of
Yadav & Michalak (2013). Using these techniques, we calcu-
late V; analytically, not by approximation, as is typically done
for calculations with these dimensions.

Model inputs and uncertainties

Transport models. Surface influence functions (H) are calcu-
lated using two Lagrangian particle dispersion models: Flex-
part version 9.0 with 0.5 degree Global Forecast System (GFS)
meteorology and 7-day back trajectories (Stohl et al., 2005),
and Hysplit with 0.5 degree Global Data Assimilation System
(GDAS) meteorology (Draxler & Hess, 1998) and 10-day (the
decision of the group who runs this model) back trajectories.
We use both models for uncertainty calculations, and Flexpart
for the inversions that produced the results that we show here,
based on sensitivity tests and model comparisons (see Support-
ing Information).

Model-data mismatch. The model-data mismatch uncer-
tainty term, R, represents estimated error in how closely true
atmospheric concentrations of CO, can be approximated in
the inversion. This uncertainty is due only trivially to mea-
surement-related uncertainty, mainly to uncertainty in mod-
eled atmospheric transport, and additionally to background
sampling uncertainty, uncertainty of other surface fluxes of
CO,, and representation uncertainty. Measurement uncer-
tainty includes uncertainty in measurements made at IPEN
(£0.1 ppm) and uncertainty in scale between IPEN and
NOAA (0.1 ppm) (Gatti ef al., 2014). We compare two
Lagrangian particle dispersion models (Flexpart and Hysplit)
to estimate transport uncertainty, which is typically ~1-7 ppm
(details in Supporting Information). Background CO, sampling
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uncertainty is calculated as the square of the standard devia-
tion of differences between background CO, values sampled
using Flexpart and Hysplit back trajectories (see Supplemental
Information for details). Other surface flux uncertainties
include those from biomass burning, fossil fuel emission, and
net surface ocean flux of CO,. Footprints from Flexpart are
used to propagate biomass burning uncertainty, Qgg, into
uncertainty in the atmospheric mole fraction of CO, by calcu-
lating HQpsH', where Qg is a diagonal matrix of variance in
biomass burning emissions (see Supplemental Information for
details on estimation of Qgg). Following the assumptions
above, the diagonal elements of the model-data mismatch
from biomass burning uncertainty are added to R. Fossil fuel
and ocean fluxes and their uncertainties are small in the Ama-
zon, and representation errors (or effects of model resolution)
are not well known. To be conservative, however, we increase
the combined 1-sigma uncertainty from all of the above
sources by an arbitrary value of 5% to allow for possible com-
bined contributions of uncertainty from those sources.

Prior NBE flux estimate. The surface-to-atmosphere flux that
is estimated in the inversion (S) is nonfire net biome exchange,
Fnpe, a term that represents net biosphere-atmosphere
exchange of CO,, including gross primary production, plant
(autotrophic) respiration, decomposition (heterotrophic respi-
ration), and disturbance and human land use change (except
for biomass burning). We subtract the influences of all other
major known sources of CO, in the Amazon (fossil fuel emis-
sion, net ocean exchange, and biomass burning) from atmo-
spheric observations by multiplying estimates of each CO,
source by H and subtracting the resulting atmospheric CO,
change from observations (see Supporting Information). The net
source/sink strength of prior Fngg (s,) is zero on timescales
longer than 1 day (i.e.,, sums of daily, weekly, and annual
fluxes are zero with respect to net surface-to-atmosphere CO,
exchange). Prior Fygg has a diurnal cycle of net uptake of CO,
by the biosphere during the daytime and net release of CO, to
the atmosphere at night. The diurnal cycle is unique to each
grid cell, reflecting spatial heterogeneity in Amazon NBE, and
is calculated as the annual mean diurnal cycle from SiBCASA
(with the mean subtracted) for the year 2011 (Schaefer et al.,
2008; van der Velde et al., 2014). Detailed discussion of the
prior flux estimate and a test of posterior flux sensitivity to s,
can be found in the Supporting Information.

NBE flux uncertainty. The diagonal elements of Q contain
prior flux variance (Eqns. 1-3). Inversion flux calculations are
sensitive to the choice of prior flux uncertainty (Gerbig et al.,
2006; Gourdji et al., 2012). Of particular importance for our
experimental design is that prior flux uncertainty is large
enough that the posterior flux estimate can diverge from the
neutral prior flux estimate. We vary prior Fygg uncertainty
with 1° by 1° in space, but not in time, since the seasonality of
Amazon flux uncertainty is not known, and because varying
Fnpe uncertainty in time could affect temporal variability
of the posterior flux. The time resolution of the inversion is
3-hourly, which means that the full amplitude of the diurnal
cycle of CO, is represented in the prior flux uncertainty

estimate. The amplitude of the diurnal cycle of NBE in the
Amazon is thought to be of a similar order of magnitude as
the gross photosynthetic and respiration fluxes (e.g., Powell
et al., 2013), and those component fluxes are thought to be of
similar magnitudes to one another (Malhi et al., 1999). We
therefore estimate prior flux variance as the square of 100% of
annual mean monthly heterotrophic respiration, from the
CASA-GFED v3.1 output (van der Werf ef al., 2010). We
account for additional uncertainty arising from possible errors
in the estimated diurnal cycle of the prior flux, calculated as
the square of the standard deviation of the difference between
the SIBCASA and CASA-GFED diurnal cycles for each grid
cell (see Supporting Information).

The off-diagonal elements of Q represent temporal and spa-
tial correlations of uncertainty in ecosystem carbon exchange
(Baldocchi ef al., 2001; Michalak et al., 2004; Gerbig et al.,
2006). We assume that flux correlations decay isotropically in
space and time, with exponential decorrelation length scale
parameters of 1jme = 5 days and rpace = 300 km (e.g., Yadav
& Michalak, 2013). This choice means we assume that fluxes
that are closer in space or time have higher uncertainty corre-
lations than do fluxes that are more geographically or tempo-
rally separated. Flux covariance in time is limited to the same
time step of the diurnal cycle; for example, fluxes in the first
time step of Day 1 are correlated with the first time step in the
days preceding and following Day 1 (in the limit of the expo-
nentially decaying time correlation constant), but not with any
other time of day (Yadav & Michalak, 2013). ispace of 300 km
and 1me of 5 days imply that fluxes remain correlated with
roughly 3 times those distances (900 km and 15 days), which
is approximately the timescale over which synoptic weather
patterns vary in the tropics (Madden & Julian, 1972) and the
length scale over which climatic and ecosystem regimes vary
in the Amazon (Marengo ef al., 2011; Restrepo-coupe et al.,
2013). It is possible that our choice of 7 is too short, as corre-
lations between flux uncertainties separated by more than
~1 month are possible. In the limit of the absolute values of
GPP and respiration being roughly equal, however, fluxes
would be neutral and likely to follow synoptic variability,
which suggests that 5 days is a reasonable value.

Posterior Fypg uncertainties are calculated using Eqn. 3 for
the time steps and spatial scales of interest (i.e., monthly, sea-
sonally, and annually, and Basin-wide and by region), follow-
ing Yadav & Michalak (2013).

Background CO,

The prior ‘background CO,’, or boundary condition, is the
CO, concentration of air flowing into the Amazon Basin
(Fig. 1). The background CO, concentration is removed from
observations of CO, to isolate surface-to-atmosphere flux sig-
nals that originate in the domain. The background CO, con-
centration is estimated in four steps (described in more detail
in the Supporting Information): (1) A background CO, “prior’ is
calculated by sampling the 3-dimensional (latitude, altitude,
time) CO, mole fraction output from CarbonTracker version
CT2013 ei (Peters et al., 2007; CarbonTracker CT2013B); (2) the
background CO, ‘prior’ is bias-corrected using in situ
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measurements of atmospheric CO, from two NOAA/ESRL
GMD network sites in the Atlantic Ocean; (3) the bias-cor-
rected background CO, ‘prior’ is sampled using Lagrangian
transport model back trajectories for each observation; and (4)
the background CO, prior is appended to the state vector, s,,
and is optimized in the inversion.

Two sources of ‘background CO, construction” uncertainty
are accounted for, and are included in the section of the Q
matrix related to prior background CO, uncertainty (which is
fully populated and includes covariance terms). Estimation of
this source of uncertainty is described in detail in the Support-
ing Information. Correlations between background CO, uncer-
tainties decay exponentially and isotropically in space
(tspace = 1000 km) and time (zime = 7 days), at scales equiva-
lent to ~1/3 the synoptic-scale variability of domain inflow air
(Madden & Julian, 1972). An additional source of uncertainty
arising from the background inflow of CO; is the ‘background
CO, sampling’ uncertainty, which is included in the model—-
data mismatch term, R (described above and in the Supporting
Information).

Climate and satellite data

We assess drought conditions in the Amazon using two met-
rics, monthly cumulative water deficit (CWD) and the supply-
demand drought index (SDDI), both standardized to reflect
anomalies from the long-term climatological mean. We
include CWD given its use in the Amazon literature (Aragao
et al., 2007; Gatti et al., 2014; Doughty et al., 2015), and we
include SDDI in order to provide a potentially more realistic
estimation of moisture deficit.

CWD is calculated according to the methods of Aragao et al.
(2007) (see Supporting Information for details), using precipita-
tion data from the Tropical Rainfall Measuring Mission
(TRMM) Merged HQ/Infrared Precipitation dataset (Huffman
et al., 2007). Calculation of CWD uses time and space invariant
evapotranspiration, which provides simplicity, but is an unre-
alistic assumption. A second simplifying assumption of CWD
is that the index resets to zero each year, meaning that it does
not capture the cumulative effects of precipitation deficits over
multiple years. These simplifying assumptions provide moti-
vation for also analyzing the SDDI.

The SDDI quantifies moisture deficit by accounting for cur-
rent climate conditions as well as the previous month’s
drought state, using a temperature-based estimate of atmo-
spheric demand for water vapor (Rind et al., 1990). We calcu-
late SDDI following the methods of Touma et al. (2015) (see
Supporting Information for details), using monthly gridded pre-
cipitation from Global Precipitation Climatology Project
(GPCP) (Adler et al., 2003), and potential evapotranspiration
calculated using the Thornthwaite method (Touma et al.,
2015) with gridded monthly temperature from NCEP/NCAR
Reanalysis 1 (Kalnay et al., 1996). Negative values of CWD
and SDDI indicate drought conditions, and positive values
indicate wet conditions.

Two satellite proxies — solar-induced fluorescence (SIF) and
enhanced vegetation index (MAIAC EVI) — are thought to
reveal variations in the relative strength of GPP. Estimates of

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443

GPP using eddy covariance techniques show high correlations
with SIF (Guanter et al., 2014; Joiner et al., 2014) and EVI (Rah-
man et al., 2005; Sims et al., 2006; Kuhn et al., 2007; Huete
et al., 2008). We use SIF calculated from GOME-2 version 26,
level 3, and EVI from MAIAC (details regarding data and pro-
cessing can be found in Supporting Information). Positive values
of SIF and EVI are proxy indications of higher rates of GPP
(greater biome uptake of CO,).

We define the dry season in each region as those months
when long-term (1981-2010) climatological mean GPCP pre-
cipitation (Adler ef al., 2003) is < the lowest quartile of annual
long-term mean GPCP precipitation (1981-2010).

Regional analysis

We analyze NBE for 5 regions of the Amazon (Fig. 3) and at
the monthly scale, based on the degrees of freedom offered by
the observations and surface influence functions (see Support-
ing Information for details).

Results

Model fit to observations

The posterior fluxes result in a much better match to
atmospheric observations than the prior fluxes (i.e., (Hs
— z) is smaller, on average, than (Hs, — z)). The mean
difference and standard deviation are shown in Table 1
and Fig. 2. Furthermore, the posterior bias (Hs — z) is
close to zero at all sites and in all seasons (Table 1,
Fig. 2), and posterior uncertainties were reduced with
respect to prior uncertainties (see Supporting Informa-
tion). These metrics indicate model success in adjusting
fluxes to better match observations. We observe no evi-
dence of seasonality or other systematic biases in the
difference between posterior modeled CO, and
observed CO, (Hs — z) (Fig. 2).

Annual Basin-wide NBE

Total annual Fygg for the Amazon Basin shows impor-
tant differences between years (Fig. 3a). We confirm
that Basin-wide NBE was more positive (more of a
source to the atmosphere) in 2010 than in 2011 (bar plot
in Fig. 3a) (Gatti et al., 2014; Doughty et al., 2015; van
der Laan-Luijkx et al,, 2015). The difference of
0.28 + 0.45 PgC that we observe is statistically consis-
tent with the differences of 0.22 + 0.26 PgC obtained
using a mass balance approach (Gatti et al., 2014), 0.08—
0.26 PgC yr ' using data assimilation (van der Laan-
Luijkx ef al., 2015), and 0.38 PgC (0.22-0.55 PgC) using
extrapolated forest plot data (Doughty et al., 2015). We
find an even greater difference of 0.68 + 0.45 PgC
between 2010 and 2012, meaning that even more carbon
was lost to the atmosphere in 2010 than in 2012.
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Table 1 Summary of annual mean difference & standard deviation between simulated and observed CO, mole fractions at each

site (modeled —

observed), for a priori (prior) and a posteriori (posterior) fluxes, multiplied by footprints (H)

Alta Floresta (ALF)

Rio Branco (RBA)

Santarém (SAN)

Tabatinga (TAB)

2010
Prior (CO,)
Posterior (CO,)
2011
Prior (CO,)
Posterior (CO,)
2012
Prior (CO,)
Posterior (CO,)

—2.17 £ 3.64 ppm
—0.19 &+ 1.58 ppm

—1.48 &+ 3.24 ppm
—0.09 &+ 1.26 ppm

—1.14 &+ 4.96 ppm
—0.26 & 2.28 ppm

—1.42 £+ 5.28 ppm
—0.17 &+ 1.80 ppm

—0.48 £+ 4.79 ppm
—0.08 & 1.68 ppm

1.40 £ 6.31 ppm
0.12 £ 2.52 ppm

—0.96 &+ 1.90 ppm
—0.08 &+ 1.00 ppm

0.06 £ 3.19 ppm
0.06 & 1.38 ppm

—0.70 £+ 4.29 ppm
—0.33 & 2.01 ppm

—1.53 + 3.42 ppm
—0.21 + 1.80 ppm

—0.13 + 4.33 ppm
—0.08 & 1.96 ppm

—1.64 + 7.74 ppm
—0.34 &+ 2.54 ppm

16 | SAN
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.
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Fig. 2 Differences between prior and posterior simulations of and observed atmospheric CO, (simulated—observed). Gray dots are the
prior fit to the data (Hs,, — z). Black dots are the posterior fit to the data (Hs — 2).

Monthly and seasonal variations in NBE

At the monthly and Basin-wide scale, we observe varia-
tions in NBE (£0.04 PgC month !, 1¢) and differences
in seasonal patterns between 2010, 2011, and 2012
(Fig. 3a), suggesting that Amazon NBE shows seasonal
variability, but does not exhibit a clearly consistent sea-
sonal cycle during the years studied. Figure 3b shows
the definitions of the 5 regions of the Amazon Basin,
and Fig. 3c shows NBE for each region. At the scale of
wet and dry season variability, consistent patterns of
NBE do not emerge in any region (Fig. 4).

The dominant pattern across the basin in 2010 is
higher NBE in the wet season (indicating higher carbon
losses to the atmosphere), more negative NBE in the
dry season, and higher NBE at the end of the year. In
2011 and 2012, however, the seasonal patterns are much
different. In general, NBE decreased through 2011 and
2012. One exception is Region 4, where higher carbon
uptake in the wet season of 2011 was followed by
increased NBE during the rest of the year.

The central Amazon (Region 3) and eastern Amazon
(Region 4) show the highest relative CO, loss in 2010
(Figs 3c and 4). Sink strength in those two regions also

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443
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exhibits large contrasts between the beginning and end
of the record. Furthermore, the meteorological condi-
tions in 2010-2012, combined with the locations and
altitudes of the atmospheric CO, observations, mean
that the observational dataset provides the most infor-
mation about fluxes in Regions 3 and 4 (Fig. 1,
Table S1). This is shown in Fig. 1 as the relative influ-
ence of surface fluxes on measured atmospheric mole
fractions: Land areas that are close to and upwind of
observations provide high influence on those observa-
tions. For these reasons, we focus the interpretation of
our results on Regions 3 and 4.

Regions 3 and 4 show higher monthly and wet/dry
seasonal variability in 2010 and lower variability in
20112012, especially in Region 3. Several tests (de-
scribed in the Supporting Information) suggest that this
is unlikely to be an artifact of model uncertainty param-
eterization. Not using a biosphere prior is of primary
importance for establishing an independent means of

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443

inferring Amazon NBE. It is possible that prior uncer-
tainties are too small, given a neutral prior, to recover
seasonality, or that the observations are not dense
enough to reliably detect NBE seasonality. We address
the first possibility by assigning large prior flux uncer-
tainty and the second possibility by only interpreting
fluxes at scales that match the degrees of freedom
offered by the observations.

Eastern Amazon wet season

Our record begins during the wet season in 2010, when
we find relatively high NBE in the eastern Amazon
(indicating higher biosphere-to-atmosphere transfer of
carbon) (Fig. 5). Elevated wet season NBE (increased
carbon loss) does not appear to be a seasonally recur-
ring pattern in the eastern Amazon (Fig. 5), or any-
where else in the Basin (Figs. 3c and 4). In the eastern
Amazon, NBE is much lower in the 2011 wet season
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and closer to neutral in the 2012 wet season. Satellite
proxies for GPP in the eastern Amazon do not suggest
that lower GPP can explain the wet season NBE
increase. SIF and EVI in that year are not consistently
higher or lower in the 2010 wet season than in the years
following (Fig. 6).

An interesting detail of the 2011 and 2012 wet sea-
sons in the eastern Amazon is a transient shift toward
more negative NBE (indicating more carbon uptake by
the biosphere) in February. In February 2010, a pause in
the multimonth NBE increase is also evident. This pat-
tern suggests a possible recurrence of February uptake,
although only a longer record would confirm this pat-
tern. Eastern Amazon EVI and SIF are higher in Febru-
ary 2011 (the month that shows the strongest NBE

signal) than in either the 2010 or 2012 wet seasons, sug-
gesting higher GPP in the early 2011 wet season than in
the following years.

Precipitation in the eastern Amazon is low during
the 2010 wet season compared with the long-term cli-
matological mean. Drought indicators (SDDI and
CWD) suggest the onset of eastern Amazon drought
conditions in March 2010 (Fig. 5). In that month, pre-
cipitation is >2 standard deviations (¢) below the long-
term climatological mean (Fig. 5). By contrast, monthly
wet season precipitation in 2011 and 2012 is within or
marginally above 1 standard deviation of the long-term
mean (Fig. 5).

Daily maximum 6-hourly temperature in the eastern
Amazon is not remarkably different from the long-term

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443
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mean in the 2010, 2011, or 2012 wet seasons, although
conditions may be marginally warmer than the long-
term mean in the 2010 wet season and marginally
cooler in the 2011 and 2012 wet seasons (Fig. 5).

Eastern Amazon dry season

Eastern Amazon NBE remains relatively high through-
out the 2010 dry season (June-September) and is also
high in the 2011 dry season (Figs 4 and 5). In 2011, an
increase in NBE is evident at the beginning of the dry
season, which is notable because it represents an abrupt
shift away from more negative values during the wet
season. During the 2012 dry season, by contrast, NBE
becomes steadily more negative (a shift toward more
carbon uptake by the biosphere). In September—
November, eastern Amazon NBE is 0.04 £+ 0.04 PgC
lower in 2012 than in the same months in 2010 (Fig. 5).

Although the 2010 wet season in the eastern Amazon
is not particularly hot, the dry season in that region is
both very dry and very hot: September precipitation
is 54% of normal, and maximum 6-hourly temperature
is >1¢ above the long-term mean in 74% of days in
August-September, including >2¢ above the long-term
mean in 23% of days in September. By contrast, in the
2011 dry season, eastern Amazon precipitation is close
to ‘normal’ (107% of the long-term mean). Although
some days in the 2011 dry season do exhibit maximum
6-hourly temperature >1o of the long-term mean, hot
conditions are far less common and less extreme in
2011, compared with 2010. In 2012, the end of the dry
season in the eastern Amazon is again anomalously
hot: 39% of days in August-September 2012 exhibit
maximum 6-hourly temperature >1¢ above the long-
term mean, and 2% of days are >2¢ above the long-term
mean. SDDI shows the consistently lowest values (indi-
cating dry conditions) of the eastern Amazon record in
the 2010 dry season, whereas SDDI is slightly positive
in the 2011 dry season and neutral in the 2012 dry
season.

Satellite data show higher SIF and EVI in the eastern
Amazon in July-December of 2011 than in July-Decem-
ber of 2010 or 2012 (where available), suggesting higher
GPP in the latter half of 2011 than in the other years
studied (Figs 5 and 6). By contrast, from the end of the
dry season to the end of the year in 2010 (August—
December), SIF and EVI are much lower than the two
following years, indicating lower GPP in the second
half of 2010 than in 2011 or 2012 (Figs 5 and 6).

Central Amazon wet season

Central Amazon NBE shows high variability in 2010,
but is comparatively stable in 2011 and 2012. It is

possible that this result is due to low observational con-
straint or our use of a neutral prior, although such arti-
facts would be expected to affect all years equally.
Central Amazon NBE shows a steady increase through
the 2010 wet season that peaks in May (Fig. 7). In the
2011 wet season, central Amazon NBE is lower than in
2010 (indicating more carbon uptake) (Figs 4 and 7). A
negative NBE excursion is observed in February of
2011, although it is not possible to discern the signifi-
cance of this shift given the statistical uncertainties
(Fig. 7). Central Amazon NBE is even lower in the 2012
wet season and shows an abrupt and transient shift
toward more negative NBE in February 2012.

Monthly precipitation rates in the 2010 wet season
are within 1 standard deviation of the long-term clima-
tological mean. SDDI is high in early 2010 in the central
Amazon, likely due in part to normal or wetter than
normal precipitation that began in late 2009 (Fig. 7,
Fig. S2). Precipitation in 2011 in the central Amazon is
also close to the long-term mean, and 2012 is slightly
wetter than normal during several months, but the
annual mean is 102% of the long-term climatology.

A notable climatic difference between the 2010 wet
season and the 2011 and 2012 wet seasons is extreme
heat in the central Amazon. In January-May of 2010,
41% of days exhibit maximum 6-hourly temperature
>1o above the long-term mean, and 9% of days are >2¢
above the long-term mean. By contrast, only 4% of days
in 2011 and 7% of days in 2012 are >1¢ above the long-
term mean, and less than 1% of days in January—-May
2011 or 2012 are greater than 2¢ above the long-term cli-
matological mean.

Satellite proxies for GPP in the central Amazon wet
season do not show significant differences between
years, with the exception of January—February of 2011,
when both SIF and EVI are high. This feature is
not seen in January—February of 2010 or 2012 (Figs 6
and 7).

Central Amazon dry season

In 2010, the beginning of the central Amazon dry sea-
son (June and July) is marked by a shift toward more
negative NBE (more carbon uptake by the biosphere)
relative to the end of the 2010 wet season. While NBE
in the following years does not show a change in sink
strength at the end of the wet season, the absolute val-
ues of NBE in June-July 2011 and 2012 are similar to
the NBE values observed in June-July 2010. In the mid-
dle of the 2010 dry season, however, NBE begins to
increase again, indicating an increase in net carbon loss
to the atmosphere, a feature that is not observed in the
dry season in the following years. As a result, Septem-
ber-November NBE is 0.03 £ 0.05 PgC greater in 2010

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443
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than in 2011 and 0.08 & 0.05 PgC greater in 2010 than
in 2012 (Fig. 7).

Central Amazon monthly NBE is stable and within
1o of neutral for all of 2011, suggesting that NBE did
not shift more toward a source or a sink during that
year (Fig. 7). In 2012, NBE is slightly lower over the
length of the dry season, but is not statistically different
from 2011 dry season NBE.

In August of the 2010 dry season, NBE shows a sharp
increase in the central Amazon at the same time as the
onset of drought conditions, according to both the
CWD and SDDI (Fig. 7). Central Amazon precipitation
is 66% of (and >1¢ below) the long-term mean in
August-September 2010. In addition, nearly a quarter
of days in August show maximum 6-hourly tempera-
ture >2¢ above the long-term mean, indicating that the
central Amazon, like the eastern Amazon, is anoma-
lously hot and dry during the 2010 dry season.

In the 2011 dry season, SDDI is negative, but CWD is
not, which suggests that either water deficits from low
precipitation in 2010 persisted into 2011 or evapotran-
spiration is underestimated in CWD for those months.
While the 2011 dry season shows mostly ‘normal’ tem-
peratures, the end of the 2012 dry season is hot: 34% of
days show maximum 6-hourly temperature >1¢ above
the long-term mean in August-September, and 10% of

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443

2011 2012

days show temperatures >2¢ above the long-term
mean. Monthly precipitation in August-September
2012, however, is within 1o of the long-term climatolog-
ical mean.

During the first 2 months of the dry season in the
central Amazon, SIF and EVI are similar in 2010, 2011,
and 2012. In August and September, however, SIF and
EVI are substantially lower in 2010 than in August-
September of the following 2 years. This suggests lower
late dry season GPP in 2010 than in 2011 or 2012. Satel-
lite proxies for GPP do not reveal consistent differences
between the 2011 dry season and the 2012 dry season;
2010 is the only clear outlier during this period (Figs 6
and 7).

Discussion

We find month-to-month and year-to-year NBE vari-
ability in the Amazon that is small compared with pos-
terior uncertainty. This high uncertainty likely results
from conservative choices for uncertainty parameters,
as the methods and Supplemental Information sections
describe. The prior error (and therefore posterior error;
V; depends on Q (Eqn. 3)) may be overly conservative,
and it may therefore be justifiable to interpret the
signals in this record more liberally than we do here.
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Future investigations of flux uncertainties in the Ama-
zon (e.g., using maximum likelihood techniques
(Michalak et al., 2005)) or investigation of the ‘uncer-
tainty of uncertainties’ (e.g., using hierarchical Bayesian
methods (Ganesan et al.,, 2014)) could help answer
whether our uncertainty limits are overly cautious.

Evidence for seasonality in Amazon NBE

Seasonality in net carbon exchange may be expected in
the Amazon, given the strong seasonality in photosyn-
thetically active radiation (PAR) (Restrepo-coupe et al.,
2013), and the observation, by eddy flux techniques, of
seasonal consistency in gross ecosystem productivity
that varies according to water limitation across the
Basin (Restrepo-coupe et al., 2013). Given this consis-
tent wet—dry seasonality (Figs 5 and 7) and seasonality
in PAR (Restrepo-coupe et al., 2013), one might expect
to observe consistent seasonality in NBE from year to
year.

A consistent seasonal cycle in NBE is not evident in
our 3-year record. A possible exception is wet season
(particularly February) increased carbon uptake that
occurred in 2011 and 2012 in the eastern and central
Amazon, although the signal varies in magnitude and
is, at some points, small compared with statistical
uncertainty. If February carbon uptake is a seasonally
recurring pattern in NBE change, then February 2010
was an anomaly (although the wet season NBE increase
paused during that month).

Assuming that the absence of a clear NBE seasonal
cycle between years observed in this study does not
arise from high uncertainties or low observational con-
straint, it may indicate higher sensitivity of NBE to
short-term climate fluctuations than to seasonal clima-
tology. Because NBE is roughly the difference between
GPP and ecosystem respiration, variations in forest car-
bon balance may be more sensitive to perturbations in
GPP and respiration in the tropics (where gross fluxes
of carbon into and out of biomass and soil stores
remain large year-round (Malhi ef al., 1999)), compared
with the higher latitudes (where seasonal cycles of GPP
and respiration dominate the NBE signal (Malhi et al.,
1999)). It is therefore possible that, in the Amazon,
short-term perturbations to GPP and respiration are
sufficient to rapidly tip the carbon balance between
source and sink. This inference is supported by local-
scale eddy covariance studies in the tropics that find
large one-way fluxes of CO, into and out of the bio-
sphere, but no strong seasonality in net ecosystem
exchange of CO, (Loescher et al., 2003; Goulden et al.,
2004).

We investigate the possibility that climate anomalies
were related to the monthly and interannual variations

in NBE in our record. Further, we investigate whether
satellite proxies for GPP provide evidence of mechanis-
tic links between observed climate and NBE signals.

NBE and climate anomalies

The large differences in NBE between the years studied
(which corroborate other studies of 2010 and 2011)
appear to coincide with differences in climate. A major
drought affected much of the Amazon Basin in 2010
(Lewis et al., 2011; Figs 5 and 7), and NBE was higher
in that year than in 2011 or 2012 (Figs 3a and 4): Years
that our indices show also had lower drought stress.
This apparent relationship between Basin-wide
drought and NBE is also evident at regional scales
within the Basin. For example, in the eastern Amazon,
the increase in NBE (toward a biome carbon source to
the atmosphere) in March 2010 coincided with the
onset of severe drought conditions (Fig. 5). In July
2010, a period of extreme heat began at the same time
as NBE increased again (Fig. 5). Interestingly, in the
central Amazon, high wet season NBE observed in 2010
occurred during a period of high temperatures, but not
drought stress (Fig. 6). In the late dry season of 2010,
however, both drought and high heat accompanied an
increase in central Amazon NBE (Fig. 6).

We examine correlations between monthly NBE and
anomalies in precipitation and temperature in the wet
and dry seasons in both regions. Because relationships
between climate and carbon exchange could be subject
to lags in response time, we also compare climate data
with NBE in the following month.

We found a significant (at the 95% level) negative
correlation during the peak wet season (January—April)
between NBE and precipitation anomalies (Adler et al.,
2003) in the eastern Amazon (R = —0.57 (P = 0.05)) and
a less strong correlation in the central Amazon
(R = —-0.36 (P = 0.25)) (Fig. 8). We found even stronger
correlations between NBE and the previous month’s
precipitation anomalies in both the eastern and central
Amazon (R=-079 (P=0.002) and R =-0.52
(P = 0.08), respectively) (Fig. 8). This finding suggests a
strong relationship between water inputs and NBE
with a possible lag, although temporal correlations
between precipitation in consecutive months could
explain part of this correlation. Correlations between
precipitation and NBE could partly explain why
increased February carbon uptake was more strongly
pronounced in the nondrought years of our record. It is
notable that correlations between precipitation and
NBE were strongest in the eastern Amazon, a region
that includes savanna, which is highly responsive to
rainfall (Santos & Negri, 1997). In the dry season, no
clear correlations were found between NBE and

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443
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precipitation, except in the central Amazon, when NBE
lagged precipitation by 1 month (R = —0.42 (P = 0.18)).

Correlations between temperature anomalies (Kalnay
et al., 1996) and peak wet season NBE were even stron-
ger than correlations with precipitation (central Ama-
zon R = 0.89 (P < 0.001) and eastern Amazon R = 0.66
(P = 0.02)). NBE was also correlated with the previous
month’s temperature anomalies (central Amazon
R =076 (P=0.004) and eastern Amazon R = 0.72
(P =0.008)) (Fig. 9). Again, these correlations could be
affected by physical links between climate conditions in
consecutive months. No significant correlations were
found in the dry season between NBE and temperature
(or the previous month’s temperature) in either region
(Fig. 9).

While our observational dataset does not provide
enough information to pursue a rigorous examination
of climate impacts and lags greater than weeks to
montbhs, it is interesting to speculate whether multiyear
impacts of the 2010 drought are evident in our record.
For example, if the positive correlation shown in Fig. 8
is not evidence of a direct link between precipitation
and NBE, it may instead reveal a multiyear ‘recovery’
of NBE in the years following drought. More years of
data and NBE observations might reveal the cause of
these observed correlations, and satellite and plot-scale

observations of ecosystem functioning could also pro-
vide additional evidence.

Satellite proxies for GPP

We are able examine satellite observations of SIF and
EVI concurrent with our record, to look for evidence of
changes in GPP that coincide with changes in NBE.
During the wet season in the eastern Amazon, NBE
was higher in 2010 than in 2011 or 2012. If low GPP had
contributed to this increased NBE, then satellite proxies
might be expected to show lower SIF and EVI during
the 2010 wet season. This signal is not apparent, how-
ever, which leaves the possibility that a change in GPP
was not the primary contributor to increased NBE dur-
ing the dry conditions of the 2010 wet season. Similarly,
satellite proxies for GPP in the central Amazon do not
offer evidence for lower GPP causing high NBE.
Instead, it is possible that enhanced respiration was
related to high NBE, perhaps related to anomalous heat
during that period (Raich & Schlesinger, 1992).

In 2011, January—February NBE indicated higher
rates of carbon uptake in the eastern Amazon (and to a
lesser extent in the central Amazon). In both the
central and eastern Amazon, satellite proxies for GPP
were higher in January-February of 2011 than in
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January—February of 2010 or 2012. NBE and satellite
proxies for GPP agree that carbon uptake was high dur-
ing the 2011 wet season in the eastern Amazon, which
suggests that increased GPP may have contributed to
decreased NBE. In the central Amazon, however, that
relationship is less evident: When central Amazon NBE
was at its lowest value of the 3-year record in February
of 2012, satellite proxies for GPP were not higher than
in the previous years, suggesting that lower NBE is not
necessarily related to higher GPP in the central Amazon
wet season.

In the beginning of the dry season (June-July), satel-
lite proxies for GPP show no clear difference between
years in either the central or eastern Amazon. In the lat-
ter half of the dry season, however, August-November
SIF and EVI in both regions were lower in 2010 than in
2011 or 2012 (Fig. 6), which suggests that GPP was
lower in the late 2010 dry season than in the years fol-
lowing. This period of lower GPP coincided with
increased NBE, which indicates that reduced GPP
could have contributed to increased carbon losses in
the 2010 dry season, a period of extreme heat and
drought.

In the 2011 dry season, the observed increase in east-
ern Amazon NBE did not appear to coincide with

decreases in satellite proxies for GPP. If anything, SIF
and EVI were higher in the 2011 dry season than in
2010 or 2012. In the 2011 central Amazon dry season,
neither NBE nor proxies for GPP showed notable
changes. The 2012 dry season was exceptionally hot,
but not dry, in the central Amazon, and NBE and GPP
were both unremarkable. In the eastern Amazon, a per-
iod of decreased eastern Amazon NBE in the 2012 dry
season was not accompanied by changes in SIF or EVI.
Neither climatic conditions nor GPP, both of which
were ‘normal’ in the eastern Amazon after February
2011, offers clues to why NBE increased during that
period. We posit two possible scenarios for why NBE
might have increased in 2011: First, increased biomass
mortality during the 2010 drought (Brienen et al., 2015;
Doughty et al., 2015), in conjunction with a possible
delay in peak mortality following the drought
(Doughty et al., 2015), may have provided substrate for
decomposition, enabling total respiration to increase as
the seasonal cycle warmed in the 2011 dry season
(Fig. 5). Second, fire emissions could have been higher
than the estimate that we used during the 2011 dry sea-
son, which would have resulted in a spurious increase
in NBE. However, even the highest biomass burning
emission estimates from (van der Laan-Luijkx ef al.,
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2015) cannot explain the NBE increases observed in
2011 (Fig. S3).

If NBE increases in the eastern Amazon in 2011 were
related to delayed impacts of the 2010 drought, why
did NBE not also increase in the central Amazon in the
2011 dry season? Most regions in the Amazon Basin
experienced a progressive decrease in NBE after 2010
(Fig. 3c), but the patterns of NBE change varied: East-
ern Amazon NBE decreased more slowly over the 3-
year record than Regions 1, 3, and 5, while western
Region 2 NBE decreased from higher 2010 values rela-
tively quickly. This spatial pattern generally corre-
sponds with the long-term distribution of soil water
availability (Nepstad et al., 2004; Fan et al., 2013) and
seasonally redistributed subsurface water storage
(Guan et al., 2015), with the fastest recovery occurring
where long-term mean soil water availability is greatest
(Fig. S4). Both deep plant available water and shallow
water table depth are thought to buffer the effects of
drought on productivity by allowing forests to main-
tain soil water availability via redistribution (Nepstad
et al., 2004; Poulter et al., 2009; Fan et al., 2013). While
other factors such as drought severity, nutrient avail-
ability, local climate, impacts of human land use
change, and altitude could also explain the gradient in
recovery timing, the spatial correspondence suggests
the possibility that access to soil water could have at
least partially controlled observed changes in the car-
bon sink over the 3-year period from 2010 to 2012.

Overall, our results reveal possible evidence of sensi-
tivity of the Amazon carbon balance to climate anoma-
lies in 2010-2012, a period of increasingly high
temperatures compared with previous decades
(Jiménez-Munoz et al., 2013). We suggest that climate
variations may have resulted in changes in GPP and
respiration that shifted biosphere exchange between
sink and source and obscured seasonal patterns in
NBE. In particular, it seems possible that a seasonal pat-
tern of early wet season increased carbon uptake (and
increased GPP) did not occur in 2010, when heat and
drought stress affected much of the Basin.

Whether due to higher drought intensity or higher
ecosystem sensitivity, periods of increased NBE lasted
through the end of 2011 in the eastern Amazon. The spa-
tial and temporal patterns of recovery across the rest of
the Basin may suggest a buffering effect from long-term
soil water storage. Water-limited regions in the Amazon
are expected to expand in the 21st century (Lintner
et al., 2012; Pokhrel et al., 2014), as is the occurrence of
severe heat (Diffenbaugh & Scherer, 2011), which will
likely increase the exposure of Amazon forest carbon to
hot and dry conditions. Furthermore, negative correla-
tions between wet season NBE and precipitation, and
positive correlations between wet season NBE and

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3427-3443

temperature, suggest increasing risk of ecosystem car-
bon losses under future climate change scenarios, with
potential for lasting carbon climate impacts.

Future analysis and observation of Amazon carbon
exchange will help to elucidate the relationships
between climate and carbon cycling. A complementary
investigation using the geostatistical methods of
(Michalak et al., 2004) would allow for investigation of
correlations between flux intensities and climate
parameters (and in comparison with our approach to
limiting dependence upon s, as geostatistical models
do not use a standard prior). Additional trace gas
observations, such as A0, carbonyl sulfide (COS) or
3'3C of CO,, could reveal which component fluxes
drive NBE variability, and provide more conclusive
links to ecosystem functioning. Finally, there is a need
to connect observations collected at different spatial
scales in the Amazon — plot, flux tower, tall tower, and
our aircraft data — to determine the homogeneity of for-
est response to climate and the representativeness of
observations at different scales.
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Additional Supporting Information may be found in the online version of this article:

Figure S1. Frequency histograms of the local time of day (in hours since 00:00) for each sample from all sites (ALF, RBA, SAN, and
TAB) in 2010, 2011, and 2012.

Figure S2. Central Amazon (Region 3) climate and NBE.

Figure S3. NBE solved in an inversion with influences from fire emissions estimates of (Wiedinmyer et al., 2011; Kaiser ef al., 2012;
van der Laan-Luijkx ef al., 2015) subtracted from the atmospheric observations in Regions 3 (top panel) and 4 (bottom panel).
Figure S4. Panel (a) is reproduced with permission from Figure 4 (their panel c) of (Nepstad et al., 2004), showing maximum plant
available water at 10 m rooting depth across the Amazon Basin, estimated using soil texture profiles and soil water parameters.
Figure S5. (a) Solid line with circles marking 3-hourly values: the average diurnal cycle for the year 2011, as calculated with the SiB-
CASA model, averaged over Region 3 (the central Amazon).

Figure S6. Prior flux (NBE) uncertainty for the year 2010, which equals the sum in quadrature of annual maximum monthly hetero-
trophic respiration and the standard deviation of differences in the annual mean diurnal cycle calculated with SiBCASA and
CASA-GFED.

Figure S7. Monthly NBE for each region (as in Fig. 3); results as for the main results of this work (black lines and posterior uncer-
tainty) and for an inversion run with prior flux uncertainty, o, doubled (red lines and posterior uncertainty).

Figure S8. Model Data Mismatch (R) in units of ppm? for each year (all sites).

Figure S9. Monthly mean correlation between Region 3 and Regions 1, 2, 4, and 5 (Fig. 3).

Figure S10. (a) Net ecosystem exchange and biomass burning are shown for each year of the inversion, 2010-2012, as well as for
each year of the studies of (Gatti ef al., 2014) and (van der Laan-Luijkx et al., 2015), 2010-2011.

Figure S11. Spearman correlations of the mean seasonal cycles between SIF and MAIAC EVI with BRDF correction (MAIAC EVIn).
Table S1. Table shows, on the diagonal, percent annual mean error reduction by the inversion (from Q to V;) in each Region as
defined in Fig. 2.

Table S2. Summary of comparisons between transport model ability to simulate vertical concentrations of CO given estimates of
biomass burning and background CO.
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